Crosswell seismic data contain first-arrival information for velocity inversion and reflections for seismic stratigraphic analysis. Seismic velocity information is useful for directly comparing to, and inverting for, physical properties such as porosity. Reflections within the data are often under utilized, but can help map the subsurface structural architecture that often define hydrostratigraphic bounding surfaces between sedimentary units. We have acquired numerous crosswell data sets from the Boise Hydrogeophysical Research Site (BHRS), a shallow (less than 20 m depth) cobble-and-sand unconfined aquifer. Preliminary crosswell seismic reflection results show meter-scale structure that can help constrain our velocity model and define seismic boundaries that first arrival tomograms cannot provide. Both crosswell reflection and velocity information can help constrain hydrostratigraphic parameters that may be used to model groundwater flow.
INTRODUCTION
Imaging subsurface boundaries in the upper 20 m using seismic methods in a coarse-grained fluvial environment is often difficult. The Boise Hydrogeophysical Research Site (BHRS) is a research wellfield (Figure 1 ) containing 18 cored boreholes (4 inch diameter) that extend through a coarse-grained cobble-and-sand aquifer and terminate in a clay unit (for additional site details, see Barrash and others, 1999; Clement and others, 1999) . Numerous tests are underway to thoroughly characterize the threedimensional distribution of lithologic, hydrologic, and geophysical parameters at the site. The overall goal of the project is to develop methods for mapping variations in permeability by combining information from hydrologic and non-invasive geophysical techniques. Large-scale permeability changes often occur at lithologic boundaries, and seismic velocity contrasts often occur at these same boundaries. By identifying the seismic methods that can successfully image these boundaries, we can begin to map the three-dimensional distribution of lithologic and hydrologic properties at this site. 
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Reprinted from the Proceedings of the Symposium on the Application of Geophysics to Engineering and Environmental Problems (SAGEEP2000 -Arlington,Va), © Environmental and Engineering Geophysical Society, Wheat Ridge, CO, 2000. To investigate the seismic character, we conducted a series of surface, borehole, and crosswell experiments with different source-receiver geometries (Liberty and others, 1999) . Results from these tests suggest that surface seismic methods do not adequately image subsurface boundaries with the desired resolution (meter-scale resolution), and that single borehole seismic methods (i.e., vertical seismic profiles) cannot provide seismic information outside of a small radius from each borehole. We concluded that crosswell seismic methods have the best potential to define the meter-scale (and larger) structural style and distribution of seismic properties (e.g., pwave velocities) at the BHRS. We can produce high-resolution velocity maps based on first arrival travel time picks and we can use reflections in these data to identify the discrete seismic boundaries between and below the depth of the boreholes.
Although crosswell seismic reflection studies are uncommon in near-surface geophysics, several high-resolution oil field studies have been reported in recent years (e.g., Lazaratos and others, 1995; Rector and others, 1995) . We present our approach and the results of a crosswell seismic survey at the BHRS where we integrate the two crosswell seismic methods to locate seismic boundaries and velocity values to better constrain the hydrologic models.
CROSSWELL SURVEYS Acquisition Methods
The objective of our crosswell seismic survey is to extract most of the acoustic waveform from a variety of source and receiver geometries to map interwell seismic velocities and reflectors. We acquired the crosswell data in wells C4 and X4 (12.7 m separation distance) at the BHRS using a downhole sparker source and a 36-channel, 0.5 m spaced hydrophone string. The sparker source is a high frequency, broad band source (center frequency at 2000 Hz) that is highly reproducible and capable of propagating energy to distances greater than 20 m (Rechtien and others, 1993) . We recorded each experiment with a 60-channel Geometrics RX 60, 24-bit seismograph with a 0.25 ms sample rate. Although the center frequency of the sparker source is above the recording limits of our seismograph (2000 Hz Nyquist frequency), we are able to record high quality data up to 1600 Hz, where our antialias filter is set. We recorded shots at a 0.15 m depth spacing and receivers at a 0.10 m depth spacing below the water table (approximately 2.4 m below land surface) to the maximum depth in each well (approximately 20 m depth). We placed shots and receivers in both wells X4 and C4 to test for reciprocity, to increase ray coverage for inversion, to quantify the error in the first arrival picks, and to achieve the desired geometry for cross well reflection processing.
Crosswell Seismic Analysis Figure 2 shows crosswell seismic shots from well X4 recorded in well C4. Distinct first arrivals and reflections appear in the raw data ( Figures 2A,C ,E,G) from all downhole, sourcereceiver pairs (traces) below the water table. We initially picked all first arrivals (41,342 picks), we then used wavefield separation techniques (Figures 2B,D,F,H) to separate upgoing and downgoing reflection energy for subsequent reflection processing.
To provide an initial velocity model for analysis, and to compare the seismic information to lithologic and geophysical logs, we extracted a level run from the tomography data set (Figure . A level run consists of common depth source-receiver pairs. We calculate the velocity model by dividing the distance between the source-receiver pair by the picked arrival time, assuming straight rays. Results from the level run show interval velocities between 2000-2900 m/s with a high velocity zone between 4.5-10 m depth and two zones from 2-4.5 m depth and 10-17 m depth with more variation in seismic velocity values. We compare the average of the porosity logs from wells X4 and C4 with the inverse velocity (slowness) of the level run model ( Figure 3B) . A strong correlation appears between slowness and porosity values. This correlation suggests that seismic velocities can accurately map changes in porosity at the BHRS. Differences in the porosity/slowness correlation may be attributed to 2-D velocity effects that are not accurately represented with a level run velocity model or by averaging porosity logs from wells C4 and X4. Figure 3C shows the lithologic log for well X4. The high velocity/low porosity interval (4.5-10 m) is a homogeneous zone of mostly cobbles. The region above 4.5 m is a region dominated by sand with a few cobble lenses. The region below 10 m is dominated by cobbles, with an increase in sand content compared to the overlying unit. The basal clay is not represented in the porosity or velocity logs due to inadequate sampling, but the clay appears in all lithologic logs at the site and as a reflection in the crosswell reflection data.
Next, we present the first arrival information inverted with a two-dimensional curved ray tomographic inversion routine to spatially place seismic velocity information between two boreholes (Figure 4) . The inversion method uses a finite-difference approximation to the eikonal equation to compute the first arrivals between the sources and receivers (Aldridge and Oldenburg, 1993) . The curved ray method uses regularization to condition the problem. We impose flatness constraints that are weighted 10:1 to the horizontal direction. This flatness constraint is consistent with layering that we expect in this fluvial sedimentary environment.
The model (Figure 4 ) suggests that the velocities vary between the boreholes. A slight down dip in velocity toward C4 is apparent in the upper 10 m of the model, consistent with the porosity logs. Also, the lower velocity zone from 12-14 m at well C4 (defined by two high porosity layers) appears to pinch out toward well X4 and appears as one larger high porosity zone.
Crosswell Seismic Reflection Methods
The seismic velocity model from first arrival information has been shown to closely correlate with porosity at the BHRS. However, velocity tomograms are often non-unique and may not clearly define boundaries that may hold hydrologic significance. To more confidently map seismic boundaries, we have chosen to utilize the reflection data that appear as later arrivals in the crosswell shot gathers. We can process crosswell reflection data by transforming the shot/receiver gathers from crosswell shot positions (XSP) to depth and offset positions that are similar to common mid-point (CMP) gathers from surface seismic reflection methods (e.g., Lazaratos and others, 1995) .
To transform from XSP to CMP, each data point is converted to two spatial positions, representing a downgoing and an upgoing wavefield position. As shown in Figure 2 , downgoing and upgoing reflection energy appear in each shot gather. As the geometry of the source and receiver changes, each reflection also changes orientation and character. For example, when a shot is located near the bottom of a borehole (e.g., Figure 2A ), we can clearly separate downgoing reflection energy from all other energy in the shot (e.g., Figure 2B ). Figure 2A shows little coherent reflection energy from upgoing arrivals because these arrivals are subparallel and very close to the first arrival energy. When the shot depth decreases (e.g., Figure 2G ), upgoing reflections, the same reflections that we map with surface seismic methods, appear in the section. The upgoing arrivals now separate from the first arrivals and the downgoing reflections are contained in the coda of the first arrival energy. We can use wavefield separation methods, data sorting, and an optimum window approach to enhance, transform, and bin each upgoing and downgoing reflection in the proper spatial (CMP) position.
To process these gathers, we flatten the first arrivals of the XSP gathers to a common travel time, then remove the first arrivals and any energy that parallels the first arrival energy with a median trace subtraction filter. We then unflatten the arrivals and apply an f-k filter to retain only the upgoing or downgoing portion of the reflected energy. During the transformation from XSP to CMP gathers, the reflection character and interference with other arrivals change with incidence angle (Lazaratos and others, 1995) . To maintain a similar reflection character, we retain only the downgoing energy from XSP shots below 10 m depth (1/2 the total depth of each well) using shots from both C4-X4 and X4-C4 experiments. These data are used to map the reflections above 10 m depth, with the variety of source/receiver geometries used to map different CMP positions and depths (Figure 5a ). We then use only the upgoing reflection energy from XSP shots above 10 m depth to map the reflections below 10 m depth using a similar method to that described above. After all the processed shots are transformed from XSP to CMP positions we stack the data. The stacks from downgoing and upgoing reflections are summed to produce Figure 5A .
The preliminary stack, presented in Figure 5a , shows reflections from the land surface, water table (at 2.4 m depth), and the clay layer that defines the base of the fluvial system (at 21 m depth). These arrivals are distinct and are not imaged with the velocity tomogram due to insufficient ray coverage and ray bending. Additional reflections appear at approximately 4.5, 13, and 18 m depth with a transparent zone (no coherent reflections) between 4.5-10 m depth. This transparent zone corresponds to the high velocity/low porosity zone defined with the tomogram and the neutron logs (Figure 4) . The zone between 10 and 20 m depth contains a variable reflection quality that may reflect the geology of mostly cobbles with sand interbeds. The reflector at 4.5-5 m depth appears to correlate with the high velocity zone observed on the tomogram (Figure 5b ) and shows a step in the arrival at 9 m offset, compared to a more constant dip that appears in the tomogram. We believe this step in the reflector may more accurately represent the geology of the subsurface between wells C4-X4 compared to the tomogram because the tomogram contains a large lateral smoothing constraint.
CONCLUSIONS
We have successfully used crosswell seismic methods at the BHRS to map a shallow cobble-and-sand fluvial aquifer. The results of our study show that crosswell transmission and reflection seismic methods can provide valuable information about the structure and properties of the upper 20 m in coarse-grained sedimentary aquifers. We used the crosswell seismic data to generate velocity maps between boreholes based on first arrival picks. The velocity data strongly correlate with lithologic logs and porosity logs. In addition, we used the reflections in these data to identify discrete seismic boundaries. We show that shot receiver pairs from different depths or geometries are necessary in crosswell seismic surveys to best position all interwell reflections. We then combined the crosswell traveltime tomography and reflection results to show that seismic boundaries and velocity values can be integrated to provide a value added product. We hope to directly integrate the crosswell seismic reflection results to constrain the velocity inversion and better define a hydrologic model for the site. 
